The mechanism of transfection by Rous sarcoma virus DNA was investigated by assaying DNA-mediated Assays of the biological activity of virus DNAs by transfection have been used to study integrated and unintegrated DNAs of avian and mammalian retroviruses. However, the mechanism of transfection by retrovirus DNAs has not been established. Since this mechanism might be a significant consideration in interpretation of the biological activity of virus DNAs, we initiated the present study to investigate the mechanism of transfection of chicken embryo fibroblasts by DNA of Rous sarcoma virus (RSV).
Assays of the biological activity of virus DNAs by transfection have been used to study integrated and unintegrated DNAs of avian and mammalian retroviruses. However, the mechanism of transfection by retrovirus DNAs has not been established. Since this mechanism might be a significant consideration in interpretation of the biological activity of virus DNAs, we initiated the present study to investigate the mechanism of transfection of chicken embryo fibroblasts by DNA of Rous sarcoma virus (RSV).
Two general alternative pathways of transfection were considered: (i) donor RSV DNA might integrate directly into the genome of recipient cells to form a stably inherited DNA provirus or (ii) donor RSV DNA might serve as a template for RNA synthesis, possibly without integration of the donor DNA. In the second pathway progeny viral RNA would serve as a template for synthesis of RSV DNA which would subsequently integrate into cellular DNA. Synthesis and integration of RSV DNA might occur either within the cell which was the initial recipient for uptake and transcription of the donor DNA or via formation of extracellular progeny virus and secondary infection of other cells in the DNA-treated recipient cell culture.
To distinguish between these pathways, we investigated RSV DNA-mediated transformation of chicken embryo fibroblasts under conditions which restricted secondary virus infection. Transformation of recipient cells by RSV DNA was found to require formation of extracellular progeny virus and secondary infection of sensitive cells. Therefore, it appeared that donor RSV DNA did not stably transform recipient cells by direct integration. These results were thus consistent with the hypothesis that transfection of chicken embryo fibroblasts proceeded primarily by transcription of donor RSV DNA. B77 avian sarcoma virus (subgroup C) (B77V-C), Schmidt-Ruppin RSV subgroup D (SR-RSV-D), and LA335 (pol), an early temperature-sensitive mutant of Prague RSV subgroup C which encodes a thermolabile DNA polymerase (15, 18, 29) , were previously described (3). Bryan high-titer RSV (BH-RSV), which is defective for envelope glycoprotein synthesis (env-) (22) , was obtained as a Rous-associated virus-I (RAV-1) pseudotype [BH-RSV(RAV-1)] from H. M. Temin, Madison, Wis. Preparation of DNA. Total cellular DNA was extracted from RSV-infected chicken embryo fibroblasts 5 to 10 days after infection by a previously described modification (4) of the procedure of Marmur (17) . 
RESULTS
Transformation of sensitive and resistant chicken embryo fibroblasts by RSV DNA. Transfection assays of RSV DNA were previously quantitated by end point dilution of the donor DNA (4). However, by use of the calcium method of DNA treatment (10) , transfection by RSV DNA can be quantitated by enumeration of foci on the original DNA-treated plates. The advantage of the calcium method in this respect appears to be that it is significantly less toxic to the recipient cells than the DEAEdextran method used previously (4). Representative transfection assays are presented in 1A) . The specific infectivities of RSV DNAs assayed by focus formation were therefore similar to specific infectivities previously determined by end point dilution assays (approximately 10 infectious units/,tg of DNA) (4).
The availability of a direct focus assay for RSV DNA enabled us to investigate transformation by RSV DNA in the absence of secondary virus infection. We therefore assayed the infectivity of RSV DNA on recipient cells which were genetically resistant to secondary virus infection as a result of the absence of receptors required for virus penetration (6, 21) . B77V-C and SR-RSV-D DNAs had similar specific infectivities (5 and 4 FFU/,g of DNA, respectively) when assayed on C/E cells, which were sensitive to infection by both subgroup C and subgroup D RSV (Fig. 1A) . However, B77V-C DNA was not infectious (<0.03 FFU/j,g of DNA) when assayed on C/ACE cells, which were resistant to infection by subgroup C RSV (Fig. 1B ). In contrast, the infectivity of SR-RSV-D DNA on C/ACE cells (Fig. 1B ) was similar to its infectivity on C/E cells (Fig. 1A) . Therefore, it appeared that recipient cells which were resistant to infection by extracellular RSV were also resistant to transfection by RSV DNA. Since subgroup-specific resistance to RSV infection appears to be expressed at the level of virus penetration (6, 21) , these results indicated that focus formation by RSV transfection ranged from 10 to 50% of the number of foci formed on parallel plates maintained under liquid medium, whereas the number of colonies formed by cells transferred 2 days after transfection equaled or exceeded the number of foci obtained. Therefore, recipient cells were routinely transferred into soft agar 2 days after transfection by RSV DNA.
B77V-C and SR-RSV-D DNAs were assayed on C/0, C/ACE, and C/BDE chicken embryo fibroblasts (Table 1) . Some of the recipient cell cultures were maintained under liquid medium to assay focus formation. The rest of the recipient cell cultures were trypsinized 2 days after exposure to DNA and were plated in soft agar medium to assay colony formation. B77V-C 
Transfection by DNAs of LA335 (polk) and BH-RSV (env-). The role of secondary virus infection was further investigated in trans-
fection experiments with DNAs of replicationdefective mutant RSV. The mutants used were LA335 (pot'), which has a temperature-sensitive mutation in the gene encoding the virion RNAdirected DNA polymerase (15, 18, 29) , and BH-RSV (env-), which has a deletion of the gene encoding the virion envelope glycoprotein (22) .
DNA of LA335-infected cells was assayed for colony formation in soft agar at permissive shown) may be due to continuous production of multiple progeny virus particles by the DNAtreated cells (see Fig. 3 ).
To test the infectivity of DNA of BH-RSV (env-), we 10 h at 30 V in a 0.7%lc agarose gel which contained 0.1 M NaCI and 4 pg of ethidium bromide per ml. The gel was fractionated into 3-mm slices, and the DNA was eluted and assayed for infectivity. Marker DNAs of plasmid pmDm691 (molecular weight, 6 .2 x KY') were subjected to electrophoresis in a parallel gel. C/ACE cells (resistant to infection by B77V-C) were exposed to B77V-C DNA, the DNA was removed, and cells which were sensitive to infection by subgroup C RSV (C/E or T/BD cells) were added to determine whether the DNA-treated C/ACE cells could serve as infectious centers. T/BD cells were resistant to transfection by B77V-C DNA (unpublished data) and were therefore used in this experiment to exclude the possibility that transfection could occur by uptake of residual DNA by the added sensitive cells. The specific infectivity of B77V-C DNA was approximately 6 FFU/,ug on C/E cells, but less than 0.1 FFU/,ug on C/ACE cells (Table 4) . However, addition of C/E or T/BD cells to DNA-treated C/ACE cell cultures resulted in focus formation at frequencies of 2 to 3 FFU/ug of DNA (Table 4) . Therefore, C/ACE cells served as infectious centers after exposure to B77V-C DNA with an efficiency comparable to the efficiency of transfection of sensitive cells.
The kinetics of production of progeny virus The persistence of progeny virus production for 10 days after transfection of resistant cells suggested that stably transformed cells might be present at later times after DNA infection. To test this possibility, C/BDE cells (resistant to infection by SR-RSV-D) were exposed to SR-RSV-D DNA, maintained under liquid medium for 8 days, and then transferred into soft agar. Transformed cell colonies were obtained with a frequency corresponding to approximately 10 colony-forming units/,ug of DNA, indicating that genetically stable transformation had occurred.
Stable transformation of resistant cells 8 days after transfection could be due either to direct integration of donor RSV DNA or to exogenous virus infection of the resistant cells during cocultivation with cells which were producing progeny RSV via transcription of unintegrated donor RSV DNA. Crittenden (6) previously observed that C/A cells were susceptible to infection with subgroup A RSV during co-cultivation with lethally irradiated RSV-A-producing cells. The lack of direct transformation of chicken cells by RSV DNA also differs from the transforming activity of fragments of papova virus, adenovirus, and herpes simplex virus DNAs (reviewed in 9). However, the efficiency of transformation by fragments of these viral DNAs is generally less than 1 FFU per 108 viral genome equivalents (9) . Since this is approximately i0}-fold lower than the efficiency of transfection by RSV DNA, we would not have detected a similar frequency of direct transformation by RSV DNA in the present experiments.
Transfection by unintegrated linear RSV DNA, as well as by total cell DNA, appeared to proceed by transcription of the donor DNA. However, unintegrated linear DNA synthesized in the cytoplasm of RSV-infected cells appears to be the precursor of closed circular DNA (23) , which is the probable substrate for integration. Therefore, the activity of unintegrated virus DNAs in transfection assays (7, 11, 26, 27) may not be indicative of their possible roles as precursors of integrated proviral DNA in virus-infected cells. If transfection proceeds by transcription of unintegrated donor DNA, the infectivity of unintegrated linear RSV DNA also indicates that transcription of viral DNA can occur in the absence of adjacent cellular DNA sequences. Since significant amounts of unintegrated viral DNAs may persist for several weeks after infection (7, 11, 28) , these observations suggest the possibility that these unintegrated DNAs, as well as integrated proviral DNA, might serve as templates for viral RNA synthesis.
The hypothesis that transfection by RSV DNA proceeds via transcription of donor DNA is also relevant to the interpretation of experiments in which transfection was used to study the endogenous RAV-0 DNA of uninfected chicken cells (5). In contrast to the infectivity of RAV-0 proviral DNA of RAV-0-infected cells, the endogenous RAV-0 genome of uninfected V+ chicken cells was not infectious (5). Since the titer of RAV-0 produced by uninfected V+ cells was 10 3-to 104-fold lower than the titer of RAV-0 produced by RAV-0-infected cells (5, 25), it was proposed that the lack of infectivity of the endogenous RAV-0 genome was a consequence of linkage to a cis-acting control element which inhibited its transcription (5). The present results indicate that transcription of donor DNA is a primary event in transfection and thereby clarify a possible mechanism by which a linked cis-acting transcriptional control element could affect the infectivity of endogenous RAV-0 DNA.
